marrow lacking PPARβ has been reported to reduce atherosclerosis in apoE -/-mice (7) . Similarly, mice lacking both PPARα and apoE were shown to develop fewer lesions (8) . On the other hand, intervention studies using PPARα agonists have suggested antiatherogenic effects in mice (9) , and the Veterans Affairs High-Density Lipoprotein Intervention Trial showed a clear reduction in cardiovascular events in patients taking gemfibrozil (10) . The impact of PPARβ agonists on atherosclerosis is unknown, although GW1516 was shown to have beneficial effects on plasma lipid profiles in obese rhesus monkeys (11) .
PPARs are known to influence pathways for both lipid uptake and efflux in macrophages. PPARγ promotes CD36 expression (12) , and both PPARα and PPARγ induce expression of liver X receptor α (LXRα) and ABCA1 (4, 13) ( Figure  1 ). However, the ability of PPARs to control LXRα expression is much more prominent in human cells than in murine cells, raising the possibility that additional pathways are involved in the beneficial effects of PPARs observed in murine models. In addition to their effects on lipid metabolism, PPAR activators also inhibit inflammatory gene expression in cultured macrophages (14) . Glass and colleagues have further shown that treatment of LDL receptor-deficient (LDLR -/-) mice with PPARγ agonists reduced the expression of inflammatory mediators (5) . Thus inhibition of inflammation represents a second mechanism by which PPAR activation might influence atherogenesis.
Differential effects of PPAR family members on the development of atherosclerosis in mice
In the current issue of the JCI, Li et al. (15) compare the effects of PPARγ, PPARα, and PPARβ ligands on the development of atherosclerosis in LDLR -/-mice. They observed profound atheroprotective effects of the PPARα ligand GW7647, comparable to that previously observed for the PPARγ agonists rosiglitazone and GW7845 (5) . In contrast, no change in lesion development was observed in mice treated with PPARβ ligand. Beneficial metabolic effects of PPARα ligand included reduced weight gain, reduced insulin levels, and decreased levels of VLDL and LDL fractions. No significant changes were observed with PPARβ ligand. This shows that the ability to improve plasma lipid profiles and increase insulin sensitivity are likely to be major factors in the effects of PPARα and γ agonists on atherosclerosis observed in diabetic patients and hypercholesterolemic mice.
Li et al. (15) further explored the effects of PPARα and PPARβ agonists on gene expression in atherosclerotic mice. Each of the PPAR ligands was found to repress the expression of inflammatory markers in the artery wall even though PPARβ did not reduce lesion formation. PPARγ ligand increased the expression of CD36, LXRα, and ABCA1 and promoted cholesterol efflux in cultured macrophages. However, at the end of the study, ABCA1 expression was not induced by either ligand, and LXRα expression was induced only by the PPARα ligand. PPARγ did activate LXRα and ABCA1 at earlier stages. Thus, neither anti-inflammatory activity nor the ability to regulate LXR correlated well with the anti-atherosclerotic effects.
Effects of PPAR family members on macrophage foam-cell formation
To further explore the mechanism of PPAR actions in atherogenesis, Li et al. (15) developed a novel approach for evaluating macrophage foam-cell formation in vivo. This approach involved the adoptive transfer of peritoneal macrophages from various PPAR null mice into the peritoneal cavity of LDLR -/-mice fed a cholesterolrich diet. This innovative assay provides a new model for macrophage lipid uptake although further validation is needed to clarify whether the assay faithfully reflects the actions of artery wall macrophages during atherogenesis. Nevertheless, Li et al. found that PPARα and PPARγ ligands inhibited lipid accumulation in a receptor-dependent manner, pointing to direct protective mechanisms within the macrophage. PPARγ ligand also markedly reduced cholesterol esterification in macrophages. This newly appreciated activity may be a significant contributor to the atheroprotective effects of PPARγ agonists.
The authors also investigated the potential role of LXRs in the antiatherogenic effects of PPAR ligands. LXR is a key transcriptional regulator of ABCA1 and ABCG1 expression and plays a major role in protection against cellular lipid overload, as deduced from studies using LXR-deficient macrophages and synthetic ligands (16) (17) (18) . The results of Li et al. (15) suggest that the inhibition of foam-cell formation observed with PPARα ligands requires the expression of LXRs whereas inhibition by PPARγ ligands does not. Interestingly, the authors found that the ability of rosiglitazone to inhibit peritoneal foam-cell formation in WT and LXR null macrophages correlated with a modest increase in ABCG1 but not ABCA1 expression. Thus the ability of PPARγ to promote efflux independently of LXR may involve direct effects on efflux transporters ( Figure  1) . ABCG1 was recently shown to increase cholesterol eff lux from macrophages to HDL, but not apoAI (19) and ex vivo macrophages from PPARγ ligand-treated mice showed increased cholesterol efflux to HDL, consistent with this mechanism. However, the definitive role of ABCG1 in lipid metabolism and atherosclerosis in vivo has not yet been established. Furthermore, the effects of PPAR agonists on ABCG1 expression in macrophages are small compared to those of LXR agonists (18) , and the possibility that ABCG1 might be a direct target of PPARγ remains to be explored. In the future, it will be of interest to determine whether the atheroprotective effects of PPAR agonists are lost in mice lacking ABCG1.
Conclusions
The study by Li et al. (15) provides new insights into pathways regulating macrophage lipid accumulation and rounds out the family picture of PPARs in atherosclerosis ( Figure 1 ). Both PPARα and PPARγ ligands were shown to protect against atherosclerosis in LDLR -/-mice and inhibit macrophage foam-cell formation. In contrast, the authors did not observe any effect from PPARβ activation. Given the discrepancies between PPARβ agonist effects in mice and primates, however, the possibility that PPARβ ligands may have beneficial effects on cardiovascular disease in humans is not excluded by the present study. PPAR signaling pathways influence macrophage gene expression and foam-cell formation. Ligand activation of PPARα and PPARγ, but not PPARβ/δ, inhibits the development of atherosclerosis in LDLR -/-mice. Both systemic and local mechanisms might contribute to these beneficial effects. Previous studies have suggested that PPARα and PPARγ increase LXRα expression in macrophages and promote expression of ABCA1, which mediates cholesterol efflux to apoAI. Results from the study in this issue by Li et al. (15) suggest that PPARγ may also inhibit cholesterol accumulation in macrophages through direct regulation of ABCG1, which has been implicated in cholesterol efflux to HDL. Activation of each of the PPARs with selective agonists also inhibits the expression of inflammatory markers in the artery wall. These findings reinforce potential use of PPAR agonists as antiatherosclerotic therapies. PTLP, phospholipid transfer protein.
